AND CONCLUSIONS
1. We analyzed the activity of 5 1 trigeminothalamic neurons in the medullary dorsal horn (trigeminal nucleus caudalis) of monkeys during the performance of behavioral tasks requiring the monkeys to discriminate innocuous and noxious thermal stimuli applied to the face and to detect the onset of visual stimuli.
2. Static properties of trigeminothalamic neurons in behaving monkeys were similar to those in anesthetized monkeys. Responses to passively presented mechanical and thermal stimuli, receptive-field properties, and conduction velocities did not differ in the awake and anesthetized states.
3. For most wide dynamic range and nociceptive-specific trigeminothalamic neurons, there was a negative correlation between the magnitude of thermally evoked activity and behavioral latencies to discriminate 47 and 49°C stimuli. Thus, both groups of neurons provide information that could be used by the monkey to discriminate noxious thermal stimuli.
4. The magnitude of thermal responses of trigeminothalamic neurons was modulated by the behavioral significance of the stimulus. Behaviorally relevant thermal stimuli presented during the thermal discrimination task produced a greater neuronal response than equivalent irrelevant thermal stimuli presented between behavioral trials or presented while the monkey performed the visual detection task. Neurons whose activity is modulated by behavioral state are likely to be in-170 volved in discrimination of thermal stimuli, since the activity of these neurons correlates with the behavioral response to the stimuli and information from the modulated neurons is sent to the thalamus.
5. Some trigeminothalamic neurons that exhibited somatosensory responses also responded to behaviorally relevant stimuli and events associated with trial initiation and receipt of reward in the behavioral tasks. Similar events outside a behavioral task evoked no neuronal responses. These task-related responses were similar to those described previously for medullary dorsal horn neurons not identified as to projection sites (14) . Although the role of task-related responses is not known, the fact that cells exhibiting task-related responses project to the thalamus suggests that such responses could provide ready signals to sensory transmission neurons so that they become more sensitive to incoming somatosensory information. Alternatively, task-related responses could be involved in initiation of movements appropriate to obtaining the liquid reward, with the information sent through thalamic relay nuclei to the motor cortex.
INTRODUCTION
Studies of the medullary dorsal horn (trigeminal nucleus caudalis) in the behaving monkey suggest that several types of cells are involved in facial sensory discrimination and that these cells have complex response properties (14, 26, 29) . Some medullary dorsal horn neurons respond maximally to low levels of mechanical stimuli (low-threshold mechanoreceptors or LTM neurons), some show a graded response to increasingly intense mechanical stimuli (wide dynamic range or WDR neurons), and some respond only when mechanical stimuli are intense (nociceptive-specific or NS neurons). About half of the WDR and NS neurons also respond to noxious thermal stimuli. Responses of both WDR and NS thermally sensitive neurons correlate with the monkey's ability to discriminate noxious heat from innocuous warm stimuli (29). In addition, when thermally responsive WDR and NS neurons are studied while the monkey performs several tasks, the response to a given noxious temperature varies with the behavioral significance of the thermal stimulus.
Some medullary dorsal horn neurons that exhibit somatosensory responses also respond to behaviorally significant stimuli occurring within the task, independent of the modality or intensity of those stimuli (14) . These cells frequently respond to visual cues involved in the behavioral task, but do not respond to similar visual stimuli presented outside the task. Such responses are termed task related. Similar task-related responses occur in LTM, WDR, and NS neurons.
Not all medullary dorsal horn neurons that respond to somatosensory stimuli show behavioral modulation of sensory responses or task-related responses. Consequently, the role of the neurons that do exhibit these responses is uncertain. If behavioral modulation and task-related responses are important in discrimination of somatosensory stimuli, then the information should be transferred along sensory-discriminative pathways to the thalamus. Previous studies in anesthetized monkeys demonstrate that some LTM, WDR, and NS medullary dorsal horn neurons project to the thalamus (43). However, if behaviorally modifiable cells are involved only in affective or reflexive behaviors in response to somatosensory stimuli, their axons might not terminate in the thalamus. Since some trigeminal spinal neurons send projections to the cerebellum (19, 3 1, 50), spinal cord (6, 34, 54) , and medial reticular formation (28, 5 1 ), neurons exhibiting behavioral modulation or taskrelated responses could be among these groups and be involved in nondiscriminative dimensions of the sensory experience.
In the current experiments we antidromitally identified trigeminothalamic neurons in trained monkeys to determine if the activity of these neurons exhibited behavioral modulation and task-related responses. We find that trigeminothalamic neurons whose activity correlates with the monkey's discriminative behavior show behavioral modulation and task-related responses, thus suggesting that the behavioral state influences sensation and that this influence is at the earliest possible level of sensory integration. Preliminary reports of these findings have been published (7, 8, 16) .
METHODS

Subjects
Three adolescent male rhesus monkeys (Macaca mulatta) weighing 4.0-7.0 kg were used as subjects. The monkeys were housed in individual cages. Daily water requirements were supplied during the training or experimental sessions except on nonexperimental days when water was provided in the home cage.
Behavioral training
The apparatus and procedures were similar to those described previously (29). The monkey was seated in a primate chair. During training his muzzle was positioned in a molded soft-acrylic arch and restrained by placing a padded metal plate behind the head. Attached to the front of the chair was a response panel containing three transluscent stimulus/response buttons, two upper and one lower. A spring-loaded 1 -cm-diameter thermode was placed in contact with the hairy skin of the upper lip. A thermistor measured the temperature of the junction between the skin and thermode and provided precise feedback control of temperature. Rise time of the temperature pulses was 8"/s for two monkeys and 6"/s for one monkey.
The monkeys underwent a series of training procedures until they could reliably perform tasks involving thermal and visual stimuli (29). On some trials monkeys were rewarded for detecting a change in noxious or innocuous temperatures (thermal tasks), while on other trials they were rewarded for detecting the onset of a light (visual task). Figure  1 shows the sequence of events for the three tasks. The thermal task is depicted in columns I and II. At the beginning of a trial the lower response button was illuminated (Fig. 1A) . The monkey pressed this button and kept it depressed while the temperature of the thermode rose from a base line of 35OC to one of several temperatures ranging from 37 to 49OC (Fig. 1C) . The temperature increase began 0.2-l .O s after the button press. If the temperature rose to 37, 39, 41, or 43°C the temperature remained at that level for 2-8 s and then returned DUNCAN The monkey initiated a trial by pressing the response button (line A) when it was illuminated (hatched bar above line A). On innocuous thermal trials (col. I) the thermode heated from a base line of 35°C to 37, 39, 41, or 43°C (line C). The temperature remained elevated for 2-8 s and then decreased to 35°C at 8"/s. The monkey received a liquid reward (line 0) for releasing the button within 2 s (indicated by shading) following the onset of the temperature decrease. On noxious thermal trials (col. II) the thermode heated to 4547, or 49°C. The monkey received no liquid reward on these trials and terminated the noxious stimulus by releasing the response button. Visual task: the monkey initiated a trial by pressing the response button when it was illuminated (col. III, line A) and continued to depress the button for 2-8 s until the signal light was illuminated (line B). While the monkey had the button depressed, the thermode temperature remained at 35°C or rose from 35°C to some temperature ranging from 37 to 49°C (line C) and remained elevated for 3 s. The monkey received a liquid reward (line D) for releasing the button within 2 s of the signal light onset (shaded area).
to 35OC (column I). The monkey received a water reward for releasing the button within 2 s of the beginning of the temperature decline (Fig. 1D) . If the monkey released the button before the thermode temperature decreased or continued to depress the button for more than 2 s beyond the temperature decrease, the trial was terminated without reward. On approximately 20% of trials the thermode temperature rose to 4547, or 49°C temperatures that humans report as noxious (24, 35, 38) and evoke escape responses from monkeys (2, 15) . Column II of Fig. 1 shows that during these trials the thermode temperature remained elevated until the monkey released the button or until 3 s had elapsed. Monkeys were never rewarded for detecting the termination of these noxious temperature shifts. Consequently, they quickly learned to discriminate temperatures of 45 OC and above from those of 43 OC and below and usually released the button before the end of the 3-s maximum noxious temperature period. Since the thermode temperature never increased above 49OC and never remained in the noxious range for more than 3 s, the monkey's facial skin was not damaged.
The visual task, depicted in column III of Fig.  1 , required the monkey to detect the onset of a signal light in order to obtain a water reward. As in the thermal task, the response button was illuminated at the beginning of a trial (Fig. 1A) . The monkey pressed and held this button until the two upper panel buttons were illuminated 2-8 s after the response button was depressed (Fig. 1 B) . A water reward was given if the monkey released the response button within 2 s of the light onset (Fig.  1D) . Usually the thermode remained on the monkey's face while he performed the visual task. For two monkeys, the thermode always remained at 35OC during the visual task. However, for the third monkey, on some trials the thermode remained at 35°C while on other trials the thermode temperature increased to a value ranging from 37 to 49OC. The temperature then remained elevated until the end of the trial or decreased to 35 OC after 3 s (Fig.  1C) . In either case the temperature shift was behaviorally irrelevant in that it did not provide the monkey with information that could lead to the successful completion of the task.
After the monkeys were trained to perform both tasks, they continued to work daily. Usually they performed the thermal task. Sometimes blocks of 20-40 visual task trials also were presented. For the first five trials of a block of visual task trials, the thermode remained at 35OC throughout the trials. Since this only occurred in visual task trials, it signaled to the monkey that he must now respond to the visual cue and not to the thermal shift. All monkeys were able to alternate relevant cues with few mistakes.
Intertrial intervals were always at least 15 s.
Surgical preparation
After the monkeys were trained to perform the behavioral tasks they underwent three surgical procedures in preparation for chronic single-unit recording. All surgery was performed under sterile conditions. Animals were first sedated with ketamine hydrochloride, anesthetized with intravenous pentobarbital, intubated, and then maintained under halothane and nitrous oxide anesthesia. Postsurgically, the monkeys were given an analgesic (pentazocine).
In the initial surgical procedure, the first four cervical vertebrae and the occipital bone were fused together in order to limit movement of the brain stem during neuronal recording (20, 29) . Stainless steel screws were placed into the bone, and the bones and screws were covered with sterile neurosurgical acrylic.
After recovery from the cervical fusion, a second surgical procedure was used to place stimulating electrodes bilaterally in the thalamus near the ventroposterior medial (VPM) nucleus. Three Tefloncoated, 0.25mm-diameter stainless steel wires were wound together. Each had 0.25 mm exposed at the tip, and the wires were of different lengths so that the tips were 1 .O mm apart. The wires were inserted at a 65 O angle so that the exposed tips were oriented mediolaterally as well as dorsoventrally. The location was determined stereotaxically (49) and by recording evoked potentials while electrically stimulating the face.
In the third surgical procedure, a 16-mm-diameter stainless steel chamber was located stereotaxically over the occipital cortex so that electrodes passed through the center reached the medullary dorsal horn approximately O-4 mm below the obex (coordinates P9.2, V10.0, L3.0; Ref. 48). A corresponding craniectomy was performed, and the chamber was secured to the skull with stainless steel screws and a broad base of neurosurgical acrylic. The dura was left intact. A socket for attachment to the head-holding apparatus was embedded in the acrylic so that the head could be immobilized during recording sessions. The methods are modified from Evarts' procedures (17, 18) . Two Teflon-coated multistranded stainless steel wires. strinned of insulation for 1 mm. were implanted in each orbicularis oris muscle (29) just lateral to the usual thermode placement. These were used for differential recording of electromyographic (EMG) activity.
Data acquisition Single-unit activity was recorded using glasscoated tungsten microelectrodes plated with gold and platinum (37). Details of the recording procedure have been reported (29).
Medullary dorsal horn units initially were located using sterotaxic coordinates and by mechanical stimulation of the face. Trigeminothalamic units were identified by antidromic activation from the thalamus. Searching stimuli were usually 15-to 25-V, 0. 1-ms shocks delivered by an adjacent pair of thalamic electrodes within the array of three electrodes. When an antidromic action potential was encountered the electrode was advanced slowly until the single-to-noise ratio was maximized. The stimulating voltage was reduced until just above threshold, and then the unit was tested for antidromicity. Our criteria were an all-or-none action potential that 1) occurred at a discrete threshold, 2) had a constant latency (<0.2-ms variability), 3) followed a brief high-frequency train of antidromic stimuli (250 Hz), and 4) could be collided with spikes evoked by stimulation of the receptive field. Thalamic stimulation did not disturb the monkey's behavior or appear to be aversive unless very intense (>25 V) electric shocks that produced muscle movement were used.
Trigeminothalamic neurons were tested with thermal stimuli within the behavioral task and with experimenter-presented mechanical stimuli during intertrial intervals. Whenever possible the borders of the receptive field were determined. (For details see Ref. 29.) Data analysis
For two monkeys, neuronal activity, EMG activity, and stimulus and behavioral events were recorded on magnetic tape and later analyzed. Peristimulus histograms of single neuronal activity and EMG multiunit activity were developed off-line relative to the various stimulus and behavioral events in the task (29). For the third monkey, discriminated single-unit activity, EMG activity, and stimulus and behavioral events were stored in the computer and displayed in histogram form after each behavioral trial. Cumulative histograms for each temperature were also available for display at any time. Neural, EMG, stimulus, and behavioral data were stored on the magnetic disk and were analyzed in more detail off-line. Most figures presented in this paper represent data averaged from several trials. Since frequently the data are averaged across only two or three trials, standard deviations are not presented. However, individual trial histograms were examined before averaging data to insure that responses were similar on each trial. The variability of responses to the same stimulus on different trials usually was not greater than 20-30%. When several temperatures were presented during different behavioral conditions, data were collapsed across noxious temperatures and paired t tests were used to examine statistical differences b.etween the behavioral conditions. Data in Figs. 8, 9, and 10 were aIlralyzed in this manner. For detailed description of data analysis see Ref. 29. Histology RESULTS rera. The position of each lesion was plotted on camera lucida drawings of the medullary dorsal horn. The locations of other neurons were plotted relative to the lesions, using microdrive readings and the stereotaxic coordinates of the microelectrode for each penetration. Positions of the chronically implanted electrodes in the thalamus were identified in 50-pm sections stained with cresyl violet.
Since many penetrations were made over a period of several months of neuronal recording, not every penetration was marked. Instead, tracks that contained cells that were physiologically responsive in the behavioral task were recorded on a grid map of the cylinder. Near the end of the experiment with a given monkey, electrolytic lesions were made near the sites of trigeminothalamic cells by passing IO-PA anodal current for 30 s through the microelectrode tip.
Animals were deeply anesthetized with sodium pentobarbital and perfused with physiological saline followed by 4.0% paraformaldehyde and 0.2% gluteraldehyde so that the spinal cords could be used for immunohistochemical studies not reported here. The brain stem below the obex was cut in 50-pm frozen sections at the angle of electrode penetration and was stained using the methods of Kluver-BarFifty-one trigeminothalamic projection neurons were studied in three monkeys while they performed the thermal and visual tasks. When cells were classified according to their responses to mechanical stimulation, 6 responded maximally to light touch (LTM neurons), 23 showed a graded response to increasingly intense stimuli (WDR neurons), and 6 responded exclusively to noxious pinch (NS neurons). These proportions, however, represent a biased distribution, since we frequently searched for cells with a thermal stimulus that only activates WDR and NS neurons. For 16 cells we did not obtain sufficient information about their mechanical properties to classify them. Fourteen WDR and four NS trigeminothalamic neurons were responsive to noxious heat. Most of the data reported in this paper were obtained from these neurons. A summary of the response characteristics of these 18 trigeminothalamic neurons is shown in Table 1 . Six thermally responsive nonprojection neurons were studied to compare with projection neurons. Also, trigeminothalamic neurons not responsive to thermal stimuli were analyzed within the behavioral tasks to identify possible task-related responses. Receptive-field properties of the WDR and NS projection neurons were similar to those found in anesthetized monkeys (43) and similar to those found in neurons not identified as projection neurons in awake monkeys (29). All NS neurons had receptive fields limited to one trigeminal division, while WDR neurons had receptive fields that included one, two, or three divisions (Table 1) .
Location of neurons
The locations of trigeminothalamic neurons in two monkeys are plotted in Fig. 2 . Each neuron category could be antidromically activated from the thalamus. Projection neurons mm 0.0-2.0 responding to noxious stimulation were found mainly in the superficial (I/II) and deep (V/VI) layers of the medullary dorsal horn. Projection sites Figure 3 shows thalamic stimulation sites in five hemithalami of three monkeys. Each electrode array involved about 3.0 mm of tissue mediolaterally. The centers of most electrode sites were approximately 0.6 mm caudal to the caudalmost extent of the VPM thalamic nucleus (39). Some stimulation sites were in medial thalamic nuclei, (i.e., centralis medialis, parafasicularis, and medialis dorsalis) that have been described as spinothalamic and trigeminothalamic tract termination areas in the monkey (1, 3, 4, 13, 22) . Table 1 shows the antidromic latencies for all thermal nociceptive projection neurons described in this study.
Responses to thermal neurons of trigeminothalamic stimulation
There was a positive relationship between thermal stimulus intensity and response frequency of thermally sensitive WDR and NS projection neurons. Thresholds for thermal activation ranged from 4 1 to 47°C. Figure 4 shows an example of the thermal responses of an NS projection neuron. The maximum response frequency of the cell was greatest to a 49 OC stimulus, intermediate to a 47 OC stimulus, and least to a 45°C stimulus. This cell showed no response above background to stimuli of 43°C or less. Figure 5 shows the magnitude of neuronal response as a function of thermal stimulus intensity for eight WDR and four NS neurons. Larger neuronal responses were associated with higher temperatures in both classes of neurons. However, stimulus-response functions were generally steeper and response rates higher for WDR neurons than for NS neurons. This can be seen for individual and average (Fig. 5, inset) stimulus-response functions. For Fig. 5 only, response strength is depicted as the average peak discharge rate for that temperature minus the average peak discharge rate during the same period on trials in which subthreshold temperatures were applied. This measure was used in order to exclude the contributions of spontaneous activity, mechanical responsiveness, or task-related activity (see below) to differences in WDR and NS thermal sensitivity. Data also were analyzed using other measures of response magnitude, such as simple peak frequency or total impulses in 2 s. The stimulus-response functions were similar using all measures. Linear regression lines were calculated for each cell shown in Fig. 5 . The median slope for WDR neurons was significantly greater than that for NS neurons (Mann-Whitney, P < 0.05). Figure 6 compares the stimulus-response functions for WDR neurons activated antidromically from the thalamus to those of WDR neurons not activated antidromically. Although stimulus-response functions of cells not antidromically activated from the thalamus appear to have slightly steeper slopes than those of antidromically activated cells, there was no statistically significant difference in slope or magnitude of these functions or in background activity (shown at subthreshold temperatures of 37-4 1 "C). Stimulus-response functions of projection and nonprojection NS neurons also were not different.
Correlation of neuronal activity and behavior
Both WDR and NS trigeminothalamic neurons provide sensory-discriminative information that could allow the monkey to distinguish noxious from innocuous temperatures. If the monkey is using information conveyed by these neurons, then his behavioral reactions should be related to the neuronal discharge in some systematic fashion. For 12 WDR and 3 NS thalamic projection neurons, we correlated neuronal discharge rate and behavioral discrimination latency ( Table 1 ) and found that activity of both neuron types was related to the monkey's latency to discriminate noxious (45°C and above) from innocuous (43°C and below) stimuli within the thermal task. Figure 7 correlates behavioral discrimination latency and neuronal discharge for 13 of these trigeminothalamic neurons. Discrimination latency is the time between the onset of the noxious thermal stimulus and the monkey's release of the response key, which terminates the trial. For 11 of 12 WDR cells and 2 of 3 NS cells, there is an inverse relationship between neuronal response magnitude and behavioral discrimination latency. Generally, 49°C stimuli produced larger neuronal responses than 47°C but occasionally this was reversed. On those occasions behavioral discrimination latency correlated better with the neuronal response than with the stimulus intensity (see neurons marked B in Fig. 7) . Thus the monkey's ability to discriminate noxious thermal stimuli is closely related to the neuronal firing frequency of both WDR and NS projection neurons.
Behavioral modulation of thermal responses
The same WDR and NS trigeminothalamic neurons that appear to be involved in thermal discriminative behavior also appear to be modulated by behavioral factors. Seven trigeminothalamic neurons in one monkey were tested for the influence of behavioral state on thermal response magnitude by presenting relevant thermal stimuli within the thermal task, irrelevant thermal stimuli within the visual task, and unexpected, irrelevant thermal stimuli between behavioral trials. These seven cells are identified in Table 1 The abscissa shows the final stimulus temperature that was applied on each trial. The ordinate indicates the average peak discharge rate, using 200-ms bins, minus the average peak discharge rate during the same period for trials in which subthreshold temperatures were applied (background activity). Subthreshold activity was subtracted in order to evaluate differences in thermal responsiveness exclusive of background response rate, mechanical sensitivity, or task-related activity. Neuronal activity has been averaged over two to nine (usually three to four) trials for each neuron at each temperature.
Only neurons for which the thermode was in the center of the receptive field are shown here. The inset compares the average response of all WDR neurons to that of all NS neurons. Slopes of these functions are significantly different (see text). Monkey A learned to release the button in less than 1.7 s on 47 and 49°C trials, so that the programmed 49°C stimulus frequently only reached 47°C. This probably led to the nonmonotonic functions for monkey A between 47 and 49°C. Each stimulus-response function is identified by a cell number (P172, P17, etc.) corresponding to the designations in Table 1. neurons tested was influenced by behavioral state. For each of these six cells, there was a significant difference between thermally evoked neural activity when the monkey was using the thermal stimulus to perform the task and when he was not (paired t test, P < 0.02). The histogram in Fig. 8 shows the response of a WDR projection neuron to a 3-s, 49°C stim ulus presented during the thermal task and presented unexpected ly between trials.
when the stimulus was unrelated to the monkey's behavior. The stimulus-response function in Fig. 8 shows the response of the same cell when the monkey was presented various temperatures during the task and between trials. From temperatures of 43 to 49°C the cell showed a greater response when the monkey was using the stimulus for discriminative information than when he was not. There was a 30% increase in peak frequency at 43°C 47% increase at 45°C and 33% increase at 49°C.
When the monkey was using the stimul us as a discriminative cu .e during the task, the neuronal response magnitude was greater and the The difference in thermal responsivity in neuronal response latency was ,shorter than and out of the task could be related to dif- The abscissa shows the final stimulus temperature that was applied on each trial. The ordinate indicates the average peak discharge rate during the 3 s following stimulus onset minus the average intertrial interval (ITI) discharge rate. Only neurons for which the thermode was in the center of the receptive field are shown here. Each point represents the average of two to nine (usually three to four) trials. The inset compares the average response of WDR neurons antidromically activated from the thalamus to that of WDR neurons not antidromically activated. Response rates were not significantly different between the two groups at any of the temperatures tested. Each stimulus-response function for projection neurons is identified by a cell number (PI 72, P 17, etc.) corresponding to the designations in Table 1. ferences in arousal, attention, or motivation. In order to control for general arousal and motivational effects, we compared neuronal responses to thermal stimuli presented in the thermal task with those to behaviorally irrelevant thermal stimuli presented during the visual task. Figure 9 shows the stimulus-response functions of a WDR thalamic projection neuron to behaviorally relevant temperatures presented during the thermal task and behaviorally irrelevant temperatures presented during the visual task. The neuronal response was enhanced in the thermal task relative to the visual task in two ways. First, the threshold for thermal activation was lower in the thermal task (43°C) than in the visual task (45°C). Second, at every temperature above threshold the response magnitude was greater in the thermal task than in the visual task. This difference was statistically significant (paired t test, P < 0.01). Figure 10 compares the thermal response of an NS trigeminothalamic neuron during the thermal task, the visual task, and a nonbehaving condition. In the nonbehaving condition, a block of 20 trials was administered in which the response panel was removed and the experimenter initiated the thermal stimuli. Each innocuous stimulus was followed by a water reward as if the monkey had successfully performed the trial, but no behavior was required. At temperatures below thermal threshold (43°C) the neuronal activity was the same in each condition. However, at 43°C The 47 and 49°C points for each cell are connected by a line. All lines with negative slopes depict instances in which higher neural discharge rates are associated with shorter behavioral discrimination latencies. Note that this relationship holds for all cells except the two marked A. Two additional cells showed this relationship. They are not depicted here because their neural response rates were out of the range of this graph. The two cells marked B show instances in which the neural discharge was greater at 47 than at 49°C; correspondingly, the behavioral latency was shorter at 47°C. Latencies varied from neuron to neuron depending on the thermode location on the face.
are described in detail elsewhere (14) . Phasic task-related responses sometimes occurred at trial initiation, sometimes after the signal to release the response button irrespective of whether that signal was thermal or visual (trial termination), and sometimes at the onset of the reward, which was delayed for 2 s after trial termination. In addition, a tonic response and above the neuronal responses during the monkey-initiated thermal task were significantly greater than those during either the monkey-initiated visual task (paired t test, P < 0.02) or the experimenter-initiated trials (paired t test, P < 0.02) but responses during the monkey-initiated visual task and the experimenter-initiated trials were not different. here, when the same cell was tested comparing thermal and visual trials, differences were significant (paired t test, ulus modality. These task-related responses P < 0.03). neuron comparing neuronal responses to stimuli presented during the thermal task (monk-init thermal), during the visual task (monk-init visual), and during experimenter-initiated trials (exp-init thermal) (see text for details). The abscissa shows final stimulus temperature on each trial, and the ordinate shows the average peak discharge rate, using 200-ms bins. Each point represents two to seven trials. The three types of stimulus presentations were presented in sequential blocks, with the experimenter-initiated trials presented first, then the monkey-initiated thermal trials, and finally the monkeyinitiated visual trials. Neuronal responses during the monkey-initiated thermal task were significantly greater than those during the monkey-initiated visual task or the experimenter-initiated trials (see text).
occasionally occurred during the trial (trial continuation), beginning after trial initiation and ending at trial termination. Task-related responses always were associated with stimuli that were components of the sequence of behavioral events leading to reception of a liquid reward. Table 1 shows that one-third of thermally sensitive WDR and NS projection neurons exhibited such responses. Note that although task-related responses can occur at trial initiation, trial continuation, trial termination, and reward, most cells showing task-related responses only produced a subgroup of these responses. Figure 11 shows an example of task-related responses of one cell while the monkey performed the innocuous thermal and visual tasks. When characterized outside the behavioral task this neuron was classified as WDR with a large receptive field encompassing half the face. In addition, the cell had no thermal response to any temperature tested. Nevertheless, it produced a tonic response during the trial (trial-continuation response) and a response burst after the signal to release the key for reward (trial-termination response). Similar task-related responses occurred in the thermal (Fig. 1 IA) and visual (Fig. 11B) In B each line represents the average of six trials with the thermode always at 35°C. Histograms are synchronized around button press (P) and button release (R). Brackets under the abscissa mark the time period of button light onset (L), temperature increase (Ti), temperature decrease (Td), and visual stimulus (V).
response were independent of temperature. Figure 11 also shows little correlation between lip EMG activity and neuronal frequency. Consequently, it is unlikely that this task-related activity was an artifact caused by mechanical stimulation of the face. When Dubner and colleagues (14) first encountered task-related responses in medullary dorsal horn neurons, all the monkeys tested had received extensive training with behaviorally relevant thermal stimuli in the visual task. In order to evaluate whether task-related responses of medullary dorsal horn neurons are dissociable from thermal stimuli, monkey A (shown in Fig. 11 ) and monkey D in this study received no thermal stimulation during the visual task. As shown in Fig. 11 , despite the absence of thermal stimuli, task-related responses observed during the visual task were similar to those observed during the thermal task. DISCUSSION' Trigeminothalamic neurons of awake monkeys produced responses to somatosensory stimuli similar to those of anesthetized monkeys. However, responses of these neurons were affected by the behavioral state of the monkey in two ways. The magnitude of responses to thermal stimuli was modulated by the behavioral significance of the stimuli. Second, neuronal responses occurred around relevant events in the behavioral task, and those responses were unrelated to the modality or intensity of the stimuli. Thermally sensitive trigeminothalamic neurons whose responses were affected by the monkey's behavioral state are likely to be involved in sensory discrimination, since the magnitude of their discharge to thermal stimuli correlates with the monkey's latency to discriminate those stimuli,
Static characteristics of trigeminothalamic neurons
Many static properties of trigeminothalamic neurons in awake monkeys strongly resembled those described in anesthetized monkeys (43). Neurons could be classified as LTM, WDR, and NS based on their responses to experimenter-presented mechanical stimuli. Receptive-field properties of trigeminothalamic neurons were similar in awake and anesthetized monkeys. Finally, the conduction velocities of WDR and NS trigeminothalamic neurons in our study ranged from approximately 24 to 8 m/s as compared to 24 to approximately 3 m/s in anesthetized monkeys.
Thermal responses of trigeminothalamic neurons
Thermal response characteristics in awake monkeys did not differ between projection and nonprojection neurons when measured under the same behavioral conditions. Comparable results were obtained in anesthetized monkeys (43). Consequently, based on responses to thermal stimuli, no obvious functional difference was observed between projection and nonprojection medullary dorsal horn neurons.
Trigeminothalamic WDR neurons had steeper response gradients to thermal stimuli than did NS neurons. This greater thermal sensitivity of WDR neurons confirms findings of Price et al. (43) in trigeminothalamic neurons of anesthetized monkey and of Hoffman et al. (29) in trigeminal neurons of awake monkey not identified as to projection sites. Because of these differences in sensitivity and differences in receptive-field sizes, it has been suggested that WDR neurons primarily code stimulus intensity, while NS neurons primarily code stimulus location (29). Nevertheless, for both NS and WDR trigeminothalamic neurons, behavioral reaction times were inversely related to neuronal response magnitude. Consequently, both types of neurons could be involved in thermal-intensity discrimination. However, monkeys can discriminate noxious thermal stimuli of less than 0.3"C (10). Wide dynamic range neurons, with their steep stimulus-response functions, may be necessary for such fine discriminations.
Behavioral modulation of trigeminothalamic neurons
Thermal response magnitude and threshold of WDR and NS trigeminothalamic neurons varied according to the behavioral context in which the stimuli were presented. Most frequently, neuronal responses to thermal stimuli were enhanced in the thermal task relative to the visual task or outside a behavioral task. This enhancement of thermal responsivity could be due to differences in arousal, motivation, or attention. However, we suspect that attentional differences may be the primary contributor to the modulation. General arousal probably contributes little to the differences observed between the thermal and visual tasks, since the monkey should have a similar state of arousal while performing each task. Differences in motivational significance of the thermal stimulus in the two tasks also is an unlikely explanation for the enhancement because for temperatures above 43°C the thermal stimuli were not directly associated with liquid reward in either task. Although it is possible that the monkey attended to the thermal stimulus equally in all conditions, it seems implausible. The monkey was required to attend to the thermal stimulus in the thermal task in order to perform correctly, but could ignore the thermal stimuli presented in the visual task without detriment to performance. Further, the thermal stimuli presented between trials occurred only occasionally and could not be anticipated by the monkey. Thus, differences in attention probably were a factor leading to behavioral modulation of thermal responses.
The observation that behaviorally modified sensory information is sent to the thalamus suggests that the perceived intensity of noxious thermal stimuli may be affected by such variables as the animal's attentional state. Al- DUNCAN, DUBNER, AND HE though the present study does not determine whether attentional enhancement of nociceptive information is related to pain perception, other data suggest that attention to a noxious stimulus affects its perceived intensity. Monkeys and humans detect small changes in noxious thermal stimuli faster when the location of the temperature change is signaled than when the temperature change can occur at one of two locations with equal probability (9). Also, when postoperative patients are required to frequently rate and consequently attend to their pain, they report higher levels of pain than when they rate the pain infrequently (33). The current study assesses only the behavioral modulation of neuronal responses to noxious or near noxious stimuli. However, other data suggest that the mechanisms underlying this modulation are not specific to nociception. In the visual and auditory systems, behavioral modulation of sensory responses was observed at comparable early stages of sensory processing (46, 56) . Further, behavioral modulation of information about innocuous mechanical stimuli has been observed at higher levels of the somatosensory system. A significant enhancement of neural responsiveness to behaviorally relevant somatosensory stimuli was found in SII, motor, and premotor cortices (40,45), while a smaller modulation was observed in SI cortex (30, 40) .
Thalamic projection sites of behaviorally modiJied trigeminothalamic neurons
The location of most of our thalamic stimulating electrodes was medial to the VPM nucleus and centered near medial thalamic nuclei implicated in pain transmission (13, 22) . Generally, lateral thalamic nuclei are thought to be involved in the sensory discriminative aspect of pain, while medial thalamic nuclei are thought to be involved in motivational/ affective aspects of pain (525, 36, 42) . It might be argued that the behaviorally modifiable trigeminothalamic neurons described here project to the medial thalamus and thus are only involved in the affective aspects of pain. The location and response characteristics of these neurons contradict this hypothesis. Giesler and colleagues (22) found that spinothalamic tract cells that project only to the medial thalamus are located in the intermediate zone and ventral horn, usually have large bilateral receptive fields, and have high thresholds for activation. Cells that project to the lateral thalamus or to both medial and lateral thalamic nuclei are located in the dorsal horn, have discrete ipsilateral receptive fields, and are classified as LTM, WDR, and NS neurons. Since the cells we observed to be modifiable by behavioral factors fit the latter characterization, they probably project to the lateral thalamus (VPM) as well as to medial thalamic nuclei.
Task-related responses of trigeminothalamic neurons Dubner and colleagues (14) showed that when a monkey performed tasks involving visual and thermal stimuli, some cells in the medullary dorsal horn exhibited responses associated with trial initiation and detection of a cue relevant to obtaining reward, independent of the modality of that cue. These taskrelated responses were observed in thermal nociceptive neurons and in neurons sensitive only to the mechanical stimuli. We now show that task-related responses are observed when the monkey performs a visual task in the absence of any thermal stimuli. We also show that cells exhibiting task-related responses project to the thalamus.
The functional significance of task-related activity in medullary dorsal horn neurons is not known. The task-related activity could provide ready signals to sensory transmission neurons so that they become more sensitive to thermal and mechanical information and thus produce enhanced responses to relevant stimuli. A second possibility is that task-related responses are involved in initiation of lip movements appropriate to obtaining reward. Neurons in thalamic nuclei near our stimulating electrodes (the border area between nucleus ventralis lateralis and nucleus ventralis posterior and the pars oralis portion of nucleus ventralis posterior lateralis) project to the motor cortex in a topographically organized fashion (32, 52) and may play a role in initiating specific movements (53). These cells could receive both sensory and task-related information relevant to initiating the movement. Trigeminothalamic neurons with both sensory and task-related responses are a likely input onto these thalamocortical cells.
Physiological mechanisms mediating behavioral modulation and taskrelated responses
Stimulation of brain stem and sensorimotor cortical sites produces inhibition or excitation of spinothalamic or trigeminothalamic neurons (11, 12, 21, 23, 27, 47, 55, 57) . Either of these pathways could be involved in behavioral modulation of sensory responses and/or taskrelated responses of trigeminothalamic neurons. In repetitive, predictable tasks, such as the ones employed in our study, the monkey makes preparatory movements in order to best detect the stimulus and receive the reward. Consequent activity in the sensorimotor cortex could lead to modulation of trigeminothalamic responses. Likewise, inputs leading to behavioral modulation and task-related activity could come from medial reticular nuclei. Neurons associated with task performance and attention have been found in the medial reticular formation near nucleus reticularis gi-DUNCAN, DUBNER, AND HE 186
